When faced with characterization of a suspicious lung lesion, transthoracic needle biopsy (TTNB) is the standard technique used to retrieve a pathological specimen. Usual complications reported for this intervention are pneumothorax, hemorrhage, air embolism, and tumor seeding. This pictorial essay illustrates imaging of these complications.
The first transthoracic needle biopsy (TTNB) for diagnosis of pulmonary abnormalities was performed as early as 1883 [1] . Fluoroscopy was the first guiding imaging modality used for TTNB, but it provides poor visualization of small and central pulmonary lesions [2] . Transition from fluoroscopy to computed tomography (CT)-guided TTNB permitted visualization and biopsy of smaller and central pulmonary lesions [2] . The first report of a CT-guided percutaneous needle biopsy of the lung was by Haaga and Alfidi in 1976 [3] . Ultrasound-guided TTNB takes advantage of the real-time monitoring of the biopsy without exposure to ionizing radiation; however, this imaging modality guidance is limited to superficial lesions [4] . The choice of imaging guidance for TTNB depends on location and size of the lesion. Because bleeding diathesis is a relative contraindication to TTNB, patient's recent platelet count, partial thromboplastin time, and international normalized ratio must be known before the procedure [5] .
TTNB is now a widely used minimally invasive procedure, playing a fundamental role in guiding management of thoracic pathologies. The indications for a TTNB include differentiating benign from malignant processes, staging of malignancies, determining the primary cell of origin in patients with metastatic disease and unknown primary tumors, obtaining material for microbiologic analysis when infection is suspected, investigating certain diffuse parenchymal diseases and their extent, and obtaining tissue for biomarker, protein, or genotype analysis [6] . Performed on a regular basis in most tertiary centres, TTNB are not without complications. These complications can be of no clinical significance; however, others may require therapeutic intervention. A high degree of clinical suspicion of potential TTNB complications is mandatory because their early detection is critical for the optimal patient care. Usual complications of TTNB reported in the literature include pneumothorax, hemorrhage, and infection [7] . More rare complications include air embolism and tumor seeding. Here we describe and show examples of complications that can occur after TTNB.
Complications of TTNB

Pneumothorax
Pneumothorax is the most common complication of TTNB, occurring in 25.3% and 18.8% of patients having undergone core biopsy and fine needle aspiration (FNA), respectively [7] . A multivariate analysis study [8] showed that risk factors for pneumothorax include pulmonary lesion size of 2 cm or less, possibly owing to technical difficulties and longer procedure times that require more needle adjustments to reach target lesion [9] , position of the lesion with depths of 0.1e0.2 cm from the pleura, and lessexperienced radiologist performing the biopsy [8] . Imaging presentation of post-TTNB pneumothorax is air in the pleural space, often detected on chest radiography (CXR) alone and with CT ( Figure 1 ). Conservative treatment alone, including oxygen supplementation, clinical observation, and control CXR, is often sufficient, with only a small percentage of patients requiring further intervention, that is, chest tube placement. Chest tube placement is indicated when the patient is dyspneic or when there is a documented tension pneumothorax. It can also be considered when there is progressive pneumothorax documented on post procedural radiographs or when a pneumothorax measures greater than 2 cm from the chest wall, in order to prevent progressive respiratory impairment or tension pneumothorax [10] . The rate of chest tube placement in cases of post-TTNB pneumothorax has been reported at 5.6% for core biopsy and 4.3% for FNA [7] .
Hemorrhage
Hemorrhage after TTNB can occur anywhere along the needle track. Therefore, biopsy needle trajectory must avoid chest wall vessels, including the subclavian, internal mammary, intercostal, and intrapulmonary vessels [5] . In cases of post-TTNB intrathoracic hemorrhage, placing the patient biopsy side down decreases the risk of aspiration of blood into the contralateral lung [5] . Hemorrhage after TTNB has been reported in 18% and 6.4% of the patients having undergone core biopsy and FNA, respectively [7] . The rates of hemoptysis are 4.1% for core biopsy and 1.7% for FNA [7] . Only a minority of these hemorrhages are significant, as shown in a retrospective study [11] , where 0.4% of patients required hemorrhage-related hospital admission. The majority of cases of TTNB-related hemorrhage do not require any particular treatment and resolve spontaneously shortly after their onset. The imaging presentation consists of a new alveolar opacity, ranging from ground glass to consolidation ( Figure 2 ), a new dense pleural effusion compatible with hemothorax ( Figure 3 and 4) , or chest wall hematoma ( Figure 5 ), depending on the site of bleed.
Air Embolism
Systemic arterial air embolism is a very uncommon, but potentially fatal complication of TTNB. Its estimated rate is around 0.06% [12] . Symptomatic systemic arterial air emboli occur in cerebral ( Figure 6 ) and coronary circulations ( Figure 7) . It is thought that during TTNB, the gas from the pulmonary airspace or from the co-axial introducer needle may gain access to the pulmonary veins, which carry it to the left heart and subsequently to the systemic arteries [13] . Air embolism might manifest as fatal arrhythmias and circulatory collapse if the coronary circulation is involved, or as generalized seizures and neurologic deficits in cases of cerebral emboli [13] . Presumed risk factors for air emboli after a TTNB have been cited in the literature and include coughing during the procedure, placement of the needle tip within a pulmonary vein, biopsy of cystic or cavitary lesions, vasculitis, and positive pressure ventilation [14] . Systemic air emboli have been reported with various sizes of biopsy needles, with and without the use of a coaxial system [14] . Ishii et al have identified the use of larger biopsy needles, lower lobe lesions, and the presence of parenchymal hemorrhagic lesions as potential risk factors for systemic air emboli [15] . The rationale for these is as follows. Larger biopsy needles have greater potential to create bronchovenous fistulas. The pulmonary vessels are larger in the lower lobes, and there is greater respiratory motion during biopsy of a lower lobe lesion, thus increasing the risk of creating bronchovenous fistulas. The presence of parenchymal hemorrhage induces coughing and hence greater motion, which increases the risk of alveolar air being introduced into injured vessels [15] . To reduce the risk of air embolism during the TTNB, it is generally believed that any contact with the atmospheric air should be minimized, was performed 5 minutes after sudden onset of complete unresponsiveness of the patient which occurred at the end of the procedure and showed gas (arrows) in the vessels of the right occipital lobe. Note that TTNB was performed with the patient in left lateral decubitus position, resulting in the right occipital lobe being the most nondependent area of the brain. The patient regained consciousness shortly thereafter, but was found to have developed complete cortical blindness, which persisted for 12 hours and has completely resolved thereafter. There were no residual neurological sequelae. especially during the removal of the inner stylet and placement of the biopsy needle through the introducer, when using the co-axial technique. This can be done by occluding the introducer with a finger or with saline [16] .
Systemic air embolism may be asymptomatic, but small amounts of air in the cerebral circulation can be fatal, and pulmonary air embolism can cause coronary embolism and can lead to cardiac arrest [17] . Interventions for arterial air embolism versus venous air embolism differ. In the case of a venous air embolism, intervention consists of supplemental oxygen administration, placing the patient in Trendelenburg or left lateral decubitus position to trap air in the left atrium, and intravenous fluid administration to increase venous pressure to prevent further gas entry [18, 19] . In the case of arterial air embolism, the biopsy needle should be immediately removed, and the patient should be placed in the right lateral decubitus position to trap air in the left ventricle and prevent it from propagating into the aorta. Placing the patient in hyperbaric chamber can help to promote exchange of oxygen for nitrogen in the embolized air bubbles [13, 18, 20, 21] .
The outcome of symptomatic cerebral air emboli from TTNB is variable, with several reports of complete recovery [17] , residual neurological sequela [12] , or death [5, 22] .
Tumoral or Infectious Seeding
Tumor seeding (Figure 8 ) after TTNB is a rare complication, with a reported rate of 0.06% [12] . The reported interval between tumoral cells implantation within the biopsy needle tract and detectable tumor development ranges widely in the literature. A retrospective study showed an average interval of 2.6 months between TTNB and needle track metastasis [23] . Seeding of infection during TTNB can theoretically occur in the same manner (Figure 9 ). At least 1 seeding prevention technique has been previously suggested. A published case report has described the use of a 2-step freezing method to avoid needle-tract seeding by using percutaneous cryoablation to destroy tissue around the biopsy-needle sheath after biopsy but before biopsy needle removal. Pathological assessment of the subsequently resected biopsied tumor showed that tissue around the biopsy probe and cryoprobe tract had been successfully eradicated [24] .
Conclusion
Complications after CT-guided TTNB are common and thus must be searched for and promptly recognized. This pictorial essay demonstrates imaging presentation of the main complications that could be encountered after TTNB.
